Many Chinook salmon (Oncorhynchus tshawytscha) populations of the northeastern 39
Pacific Ocean have recently experienced declines in abundance and productivity (Riddell et al. 40 2013; Schindler et al. 2013 ). The spatial extent and magnitude of these declines have been large 41 enough to stimulate the formation of two separate independent scientific panels. One 42 investigated declines of southern British Columbia (B.C.) Chinook stocks (Riddell et al. 2013) , 43 and the other examined Chinook stocks originating in the Arctic-Yukon-Kuskokwim (AYK) 44 region of western Alaska (Schindler et al. 2013 ). The mechanisms for these declines remain 45 D r a f t Chinook salmon productivity trends 3 under investigation but are thought to be tied to persistent shifts in environmental conditions that 46 affect growth and survival of juveniles in the early ocean life stage (Riddell et al. 2013 ; 47
D r a f t
Chinook salmon productivity trends 4 Given the critical importance noted above of the early marine life stage in determining 68 adult recruitment in Pacific salmon, a particularly useful approach to understanding causal 69 mechanisms underlying changes in salmon productivity has been to estimate the spatial extent of 70 positive correlations between multiple pairs of time series of productivities in salmon stocks 71 whose points of entry of their juveniles into the ocean are separated by various distances (Pyper 72 et al. 2005 ). Generally speaking, strong positive covariation in productivity between stocks that 73 share a common habitat for a particular life stage would indicate that environmental conditions in 74 that shared habitat are important for determining productivity. For instance, if productivities of 75 separate salmon populations are positively correlated across only small areas (e.g., 100 km), then 76 that would suggest that regional or local-scale processes are likely the predominant drivers of 77 changes in those productivities. In contrast, if positive correlations in productivities exist across 78 separate salmon populations whose locations of early ocean life stages are separated by large 79 distances (e.g., 1000 km), then that would suggest large-spatial-scale processes are major drivers 80 of changes in productivity. In practice, both local-scale and large-scale drivers may be at work at 81 the same time, and their relative importance will probably differ among populations. juveniles from each population (Sharma et al. 2013 ; Kilduff et al. 2014 ). There also exists 104 substantial residual variation in productivity that is not shared among Chinook stocks, suggesting 105 that regional or local conditions are also important (Sharma et al. 2013 ). However, these results 106 should be interpreted cautiously because the CWT survival data are based on hatchery, not wild 107
Chinook salmon. They also only reflect marine life stages and thus do not capture temporal 108 variation in freshwater productivity. Similar care should be taken when drawing conclusions 109 from the findings of Hare et al. (1999) of spawners and adult recruits to estimate total life-cycle productivity. They found strong 115 positive covariation in productivities among Alaskan Chinook salmon populations at the regional 116 scale. However, their analyses were restricted to Alaskan populations. 117
Our research objective was to improve upon these past studies of Chinook salmon in four 118
ways. First, we focused on data from 24 naturally produced ("wild", not hatchery) Chinook 119 salmon stocks to permit a greater understanding of Chinook survival dynamics without the 120 confounding influence of hatchery practices ( Figure 1 ; Table 1 ). Second, these 24 populations 121
were from regions ranging from Oregon in the south through to western Alaska in the north, 122 which is a broader geographical range than previously covered in any single study. Third, we 123 estimated total life-cycle productivity (adult recruits per spawner) based on abundance estimates 124 for spawners and the resulting recruits. Fourth, we estimated the magnitude and spatial 125 characteristics of shared productivity trends among stocks and then compared these not only to 126 PDO and NPGO time series, but also to an index describing the north-south location (latitude) of 127 the bifurcation in the North Pacific Current as it reaches the west coast of North America. The 128 latter has shown promise for explaining shared productivity trends in other salmon species 129 . 130
131

Materials and Methods 132
Southern data 133
For the "southern" part of our study area, ranging from Oregon through Southeast Alaska, 134
we used reconstructed historical abundances of spawners and the resulting adult recruits that 135 were derived from the Pacific Salmon Commission's (PSC) Chinook coast-wide model (CTC 136 D r a f t Chinook salmon productivity trends 7 2012). These data were provided by Dr. Gayle Brown (Fisheries and Oceans Canada, Nanaimo, 137 B.C., personal communication). The PSC model is a stock assessment and forecasting model 138 that integrates various sources of information, including spawning surveys, juvenile data, tag 139 recoveries, and landings from commercial and sports fisheries, to track the population dynamics 140 of a set of 'model stocks'. The PSC model stocks correspond either to individual Chinook 141 populations, or, more commonly, to population aggregates that are assumed to share similar 142 characteristics. Because hatchery production of Chinook salmon is a widespread practice 143 throughout this southern part of the study area, most of the PSC model stocks in this region have 144 a substantial hatchery component. However, our aim was to minimize the potentially 145 confounding effect of hatchery enhancement on our estimates of productivity by examining data 146 on wild stocks. Therefore, we limited our analysis for the southern part of our study area to the 147 10 model stocks for which hatchery contributions were estimated by local biologists to be below 148 10%. These 10 model stocks that were selected to represent the southern part of the study area 149 span the geographical range from Oregon to the southern tip of Alaska (Table 1) 
Northern data 155
For the "northern" part of our study area, we used data on 14 wild Chinook salmon stocks 156 that have no hatchery production. These northern stocks span the geographical range from 157 Abundance of adult Chinook recruits (R) is a function of spawner abundance in the 184 parental generation (S), as well as life-cycle productivity, which in turn is determined by 185 fecundity of the parent generation and subsequent survival rates over the entire spawner-to-186 recruit life cycle. In this study, we used two measures of that life-cycle productivity that we 187 calculated from time series of estimates for S and R for each stock. 188
The first indicator of productivity was log e (R/S), the natural logarithm of the number of 189 adult recruits produced per spawner. However, at high spawner abundances, density-dependent 190 effects can reduce that number of recruits produced per spawner (Ricker 1975 ). Because we 191
were primarily interested in changes in productivity due to processes other than within-stock, 192
within-brood-year density dependence, we therefore also analyzed a second measure of 193 productivity, one that explicitly accounts for, and factors out, such density-dependent effects. filter to screen out random short-term variability and highlight the underlying longer-term 205 productivity trends. In this paper, the Dynamic Factor Analysis fulfills a similar role. 206
Supplementary Figure S1 shows the productivity time series for log e (R/S) and Ricker 207 residuals that were reconstructed for each stock in their approximate geographical context. 208
Because survival during the year of ocean entry tends to be the most important determinant of 209 year class strength of Pacific salmon (Peterman 1987; Peterman et al. 1998 ), productivity 210 indicators were aligned by ocean entry year for all analyses in this paper and are also shown 211 aligned by ocean entry year in Figure S1 for this reason. 212
Shared productivity patterns 213
We used several methods to identify common productivity trends across stocks within the 214 study area and to determine how widely these trends were shared through space and time. 215
Unless stated otherwise, we conducted analyses for both of the two productivity indicators, 216 log e (R/S) and Ricker residuals. using diagonal forms of P may result in trends only related to a small subset of time series, we 271 also initially considered models with non-diagonal structure for P. These proved hard to fit 272 because of convergence problems and ultimately had to be dropped from the analysis. 273
Regardless of the above caution, in our case, results for models with diagonal structure for P 274 resulted in trends that were relevant to the majority of productivity-index time series. The effect of 'BI' in that study was comparable in magnitude to that of the NPGO. 313
We evaluated the respective ability of PDO, NPGO, and BI to explain regional or basin-314 scale variability in Chinook salmon productivity observed in our dataset by correlating these 315 three environmental values with shared salmon productivity trends obtained from the DFA 316
analysis. 317
Results 318
Correlations between productivity index time series 319
For the 'full data period' (ocean entry years 1981-2009), correlation matrices for both 320 productivity indices indicated that Chinook populations tended to exhibit more positive than 321 negative pairwise correlations in productivity patterns throughout the entire study area, from 322
Oregon to western Alaska ( Figure 2a for log e (R/S), Figure 3a for Ricker residuals). For this 323 period, average correlations between pairs of individual stocks were 0.23 for log e (R/S) and 0.13 324 for Ricker residuals (Table 2 ). The average of between-region correlations for this period was 325 0.27 for log e (R/S) and 0.18 for Ricker residuals (Table 2) . Stocks within the same region tended 326 to have stronger positive correlation than stocks in different regions, averaging 0.37 for log e (R/S) 327 and 0.26 for the Ricker residuals (Table 2) . 328
The strongest regional coherence for stocks was observed at the southern limit and the 329 northern limit of the study area, whereas stocks in the central part of the study area (from Puget 330
Sound to Southeast Alaska (SEAK)) tended to show less coherence and also less similarity with 331 stocks to the north or south (Figure 2a, Figure 3a) . Some stocks, most notably Unalakleet (in the 332 AYK area), and also the three southeast Alaska stocks (Situk, Alsek, and South SE), stood out 333
Chinook salmon productivity trends 16 consistently as having distinct patterns in the results --patterns that were predominantly 334 negatively correlated with patterns for other stocks in the study area (Figure 2a, Figure 3a) . 335
However, the correlation matrices did not clearly indicate larger spatially defined groups that 336 have regionally coherent patterns and that were also distinct or diverging from time series in 337 other regions. 338
For the recent period (1995 -2009), overall spatial patterns of similarity largely matched 339 those for the full period (Figure 2b, Figure 3b Ricker residuals as well as the sole Trend 1R for log e (R/S), with coefficients in strength similar 420 to those observed for the entire data period (0.60 and 0.56, respectively, p=0.018 and p=0.031 421 Chinook salmon productivity trends 20 suggesting that PDO had little influence on Chinook productivity in that period (Table 4b) . 424 result of this intensification, we may expect both increased synchronicity in Chinook 544 productivity patterns, as well as more extreme highs and lows of productivity as global warming 545 trends continue. The prognosis of more extreme values, combined with more overall 546 synchronicity in productivity patterns, has important management implications, specifically that 547 a period of reduced productivity for some Chinook salmon populations may not be compensated 548
for by increases in productivity in other stocks, and that periods of coast-wide low Chinook 549 abundance may become a more common occurrence. The predominant management paradigm is 550 not well prepared for this situation, since most salmon management models assume that average 551 productivity (recruits per spawner at a given spawner abundance) is constant, and analysts are 552 generally cautious about revising estimates until several years of data clearly indicate a trend in 553 productivity, as opposed to short-term "noise". We therefore urge salmon scientists to 554 incorporate time-varying productivity and environmental covariates into their analyses. In 555 addition, DFA and other statistical models able to incorporate information from multiple stocks 556 to get a clearer picture of developing shared productivity trends would be useful tools to add to 557 the stock assessment arsenal. We also recommend that managers prepare for the possibility that * The Chena and Salcha River stocks were treated as one stock for the purposes of this analysis because harvests that were taken in the middle Yukon River could not be assigned with confidence to either of these two stocks in a given year. D r a f t For further information on individual stocks, see Table 1 . 
